The present paper reports the chemical composition, antioxidant and antibacterial activities of several essential oils and their components. Analysis showed that three oils (Carum carvi L., Verbena officinalis L. and Majorana hortensis L.) contained predominantly oxygenated monoterpenes, while others studied (Pimpinella anisum L., Foeniculum vulgare Mill.) mainly contained anethole. C. carvi, V. officinalis and M. hortensis oils exhibited the most potent antioxidant activity, due their contents of carvacrol, anethole and estragol. Antibacterial action was assessed against a range of pathogenic and useful bacteria and fungi of agro-food interest. V. officinalis and C. carvi oils proved the most effective, in particular against Bacillus cereus and Pseudomonas aeruginosa. Carvacrol proved most active against Escherichia coli, and completely inhibited the growth of Penicillium citrinum. The oils proved inactive towards some Lactobacilli strains, whereas single components showed an appreciable activity. These results may be important for use of the essential oils as natural preservatives for food products.
Essential oils arise from plant secondary metabolism, [1] and they are widely used in cosmetics as scent components, and in the food industry to improve the flavor and organoleptic properties of different foods [2] . Essential oils have interesting biological properties [3] and several investigations have demonstrated their effectiveness as natural antioxidants, prompting experimental work aimed at identifying the most bioactive compounds. Generally, in order to prolong the storage stability of foods, synthetic antioxidants are used for industrial processing. However, side-effects of some synthetic antioxidants used in food processing have been documented [4] .
Literature reports have described natural antioxidants with radical-scavenging activity from fruits, vegetables, herbs and cereal extracts. Due to the versatile content of essential oils they should be considered as natural agents for food preservation due to their antimicrobial and potential antioxidant activity [5] .
The antimicrobial activity of the essential oils is often attributed to the presence of terpenoid and phenolic components [6] . The available literature reports carvacrol, citral, 1,8-cineole, limonene, α-and β-pinene and linalool as active compounds [7] that exhibit significant antimicrobial activities when tested separately [8] . In a previous work, we reported that some essential oils from the family Labiatae exhibited a good antimicrobial activity against different pathogenic bacteria and fungi [9] .
In this paper, we report the results of a study aimed to evaluate the chemical composition of the essential oils of Pimpinella anisum L. The dominant components in C. carvi oil were estragole (65.0%), limonene (14.3%), β-pinene (7.4%) and trans-pinocamphone (4.3%). In the Labiatae family, marjoram essential oil was mainly constituted by 1,8-cineole (33.5%), α-pinene (9.0%) and limonene (6.4%). The vervain (Verbenaceae) essential oil was mainly represented by citral and isobornyl formate, in approximately equal proportions.
Monoterpenes were the most abundant components of the oils analysed, representing a percentage ranging between 95.4%, in vervain oil, and 96.4% in caraway oil. They were constituted mainly of oxygenated monoterpenes, present in amounts ranging between 59.9% (marjoram oil) and 91.2% (vervain). On the other hand, the oils of anise and fennel were mainly constituted of non terpenes ranging between 97.1%, in the anise oil, and 76.3%, in fennel. Our data on anise oil composition agrees with the available literature. Tabanca et al. [10] reported that anise oil was constituted predominantly of E-anethole (94.2%). Fennel oil contains mainly anethole [11] , and limonene and carvone have been reported [12] as the main components of caraway oil; our study confirmed limonene as one of the most abundant components of this oil. However, for marjoram oil, our results disagree with those reported [13] , in which terpinene-4-ol, trans-sabinene hydrate, and cis-sabinene hydrate acetate were the main components with limonene only a minor component. A previous study reported a different composition for vervain oil: Ardakani et al. [14] identified 3-hexen-1-ol, 1-octen-3-ol, linalool, verbenone and geranial as its major components.
Anti-radical scavenging activity was tested by the DPPH model system and expressed as absolute percentage of DPPH inhibition (I DPPH , Table 2 and Figure 1 , respectively) [15] .
All the essential oils showed antioxidant activity, with marjoram and caraway exhibiting the highest activity, with values for I DPPH of 84.9% and 54%, respectively. Conversely, the essential oil of anise (in which the percentage of monoterpenes was as low as 1.2%) was the least effective antioxidant (I DPPH = 19%). Vervain, although containing a very high percentage of monoterpenes, exhibited an intermediate level of antioxidant activity, similar to that of fennel essential oil (I DPPH = 32.3%). This latter containing 21.5% of monoterpenes, showed almost double the radical scavenging potency to anise. Vervain oil showed the same antioxidant activity as fennel oil. Our results are in agreement with a previous study [16] , which demonstrated for 98 pure essential oils, strong correlation between the chemical composition and antioxidant activity. The authors indicated that antioxidant activity seems directly related to the presence of monoterpenes. In our samples of marjoram and caraway, such compounds reached percentages of 95.3% and 96.4%, respectively. The appreciable antioxidant activity found in the marjoram oil is probably ascribable to carvacrol, a well known antioxidant component [17] with positive synergism with other components. The radical scavenging activity of caraway oil agrees with the literature [18] and it is possible that the strong antioxidant activity is due to estragol (a major component at 65.0%).
The essential oils and their main constituents were tested also for their antimicrobial activity against some food-borne pathogenic bacterial strains, both Gram-positive and -negative. In addition, they were tested against different useful Lactobacilli strains. The antimicrobial activity of the essential oils is reported in Table 3 . activity against almost all the strains tested, in particular Ent. faecalis (inhibition zone 11.7 mm), B. cereus 4384 and P. aeruginosa (inhibition zones 9.8 and 9.3 mm, respectively). An intermediate level of antimicrobial activity was reported for the marjoram essential oil, which displayed antimicrobial activity against almost all the pathogen strains, although only at the highest concentration (450 µg/paper disc). This oil appeared particularly effective against Ent. faecalis, with an inhibition zone of about 9.5 mm. Fennel essential oil only seemed to be selectively effective against two strains of B. cereus at the highest concentration tested (482 µg/paper disc). The essential oils appear not to inhibit significantly the Lactobacilli growth (data not reported). However, in contrast, the isolated components, with the exception of 1,8-cineole, citral, and α-pinene, were found to possess effective antimicrobial activity (Table 5 ) both against starters (L. sakei, L. casei) and pro-biotic microorganisms (L. rhamnosus, L. bulgaricus and L. acidophilus). Our results confirm the antimicrobial performance exhibited by vervain oil. The loss of activity exhibited by caraway oil against E. coli disagrees with other studies, in which a good antimicrobial action was reported [19] . The divergent results might be due to a different chemical composition of the oil, as reported by Suppakul et al. [20] .
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Hammer et al. [19] demonstrated, for fennel oil, an activity, at concentrations above 1%, only against P. aeruginosa, while E. coli and S. aureus were more sensitive. A weak activity was also observed for anise [19] .
Phenols, like carvacrol, are well-known active substances, acting both against Gram-negative and Gram-positive microorganisms. The phenolic hydroxyl group of carvacrol seems essential also for the antimicrobial activity against the food-borne pathogen B. cereus, and slightly less against the other pathogens tested. In all cases, as demonstrated for B. cereus, it could cause the destabilization of the membrane and a depletion of the microbial ATP pools that lead to impairment of essential processes and finally to cell death [21] . The activity of carvacrol against B. cereus could let us hypothesise its use as a natural food preservative against this strain, which is strictly linked to food-borne illnesses and which contaminates several food products.
The strong antimicrobial activity exhibited by citral agrees with literature data [22] . However, its antimicrobial effects on lactic acid bacteria could prove problematic when they are required for a fermentative process.
Estragole was the main component in caraway oil. This showed lower activity against S. aureus and a stronger effect against Ent. faecalis.
The results, presented in Fennel and vervain essential oils exhibited different activity against the fungi tested; in particular, fennel showed a weaker activity (about 50%) than vervain and in addition, the two oils were ineffective against some strains. Fennel oil did not show activity against P. expansum, while vervain oil was ineffective against P. aurantiogriseum. On the other hand, vervain oil exhibited the highest activity against A. pullulans (inhibition zone of 15 mm). The growth of P. citrinum was appreciably reduced by the essential oils tested, with inhibition zones ranging from 4.0 mm (fennel oil), to about 12 mm (vervain oil). Table 7 shows the antifungal activity of the components. The compounds with the strongest spectrum of activity appeared to be citral and linalool, which were effective against all fungi assayed. [23] . The antifungal activity of caraway oil has also been reported in previous studies, particularly against several Aspergillus strains [24] . The activity exhibited by the essential oils against P. citrinum is notable due to the well known capability of this fungus to produce the toxic metabolite citrinin, a hepatonephrotoxic mycotoxin involved in different diseases in animals and human [25] . Generally, essential oils can exert their toxic effect against fungi through the disruption of the fungal membrane integrity [26] , and, thereby, inhibit respiration and ion transport processes. Citral has been recently used as an ingredient for the production of edible films capable of improving shelf life and food quality by serving as selective barriers against different pathogenic bacteria [27] . The generally high antifungal activity exhibited by the essential oils could indicate, as for the antimicrobial activity, a synergistic interaction among their chemical components.
Data obtained clearly showed the inhibitory activity of the essential oils tested against pathogenic bacterial and fungal strains. On the other hand, these oils showed no inhibitory activity against lactic acid bacteria. These findings, considered together, suggest the future use of these essential oils as natural preservatives for food products, due to their positive effect on their safety and shelf life.
Experimental
Essential oils: Essential oils of Pimpinella anisum L., Carum carvi L., Foeniculum vulgare Miller, Majorana hortensis L., and Verbena officinalis L. were purchased from the Azienda Chimica E Farmaceutica (A.C.E.F.) Spa (Fiorenzuola d´Arda, Italy). The densities of the oils were: P. anisum (0.981g/mL), C. carvi (0.913 g/mL), F. vulgare (0.964 g/mL), M. hortensis (0.903 g/mL), and V. officinalis (0.889 g/mL). Anethole, carvacrol, citral, 1,8-cineole, estragole, limonene, linalyl acetate, linalol, α-pinene and β-pinene were purchased from Sigma Aldrich, Co (Milan, Italy). All samples were kept at -20°C until analysis.
Gas chromatography (GC): GC analyses were carried out using a Perkin-Elmer Sigma-115 gas chromatograph with a data handling system and a flame ionization detector (FID). Separation was achieved by a fused-silica capillary column HP-5 MS, 30 m length, 0.25 mm internal diameter, and 0.25 µm film thickness. The operating conditions were as follows: injector and detector temperatures, 250°C and 280°C, respectively; oven temperature programme: 5 min isothermal at 40°C, subsequently at 2°C/min up to 250°C and finally raised to 270° at 10°C/min. Analysis was also run by using a fused silica HP Innowax polyethylene glycol capillary column (50 m x 0.20 mm i.d., 0.20 µm film thickness). In both cases, helium was used as the carrier gas (1 mL/min). Diluted samples (1/100 v/v, in n-hexane) of 1 µL were manually injected at 250°C, and in the splitless mode. The percentage composition of the oils was determined by normalization of the GC peak areas, calculated as mean values of 3 injections from each oil, without using correction factors.
Gas chromatography-mass spectrometry (GC-MS): GC-MS analysis was performed using an Agilent 6850 Ser. A apparatus, equipped with a fused silica HP-1 capillary column (30 m x 0.25 mm i.d.; film thickness 0.33 µm), linked on line with an Agilent Mass Selective Detector MSD 5973; ionization voltage 70 electrons, multiplier energy 2000 V. Gas chromatographic conditions were as given above, transfer line was kept at 295°C. The oil components were identified from their GC retention indices by comparison with either literature values [28] or with those of authentic compounds available in our laboratories. The identity of the components was assigned by comparing their retention indices, relative to C 8 -C 24 n-alkanes under the same operating conditions. Further identification was made by comparison of their MS on both columns with those stored in NIST 02 and Wiley 275 libraries, those from the literature [29] , and from an 'in house' library.
Free-radical scavenging method:
The free-radical scavenging activity of the essential oils and their main components was measured by using the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) [30] . The analysis was performed in microplates, by
